ABSTRACT: Bile acids have historically been considered to mainly function in cholesterol homeostasis and facilitate fat digestion in the gastrointestinal tract. Recent discoveries show that bile acids also function as signaling molecules that exert diverse endocrine and metabolic actions by activating G protein-coupled bile acid receptor 1 (GPBAR1/G-protein-coupled bile acid receptor 1 or TGR5), a membrane G protein-coupled receptor, and farnesoid X receptor (FXR), a member of the nuclear hormone receptor superfamily. These bile acid sensing receptors are expressed in intestinal epithelial cells, TGR5 in enteroendocrine cells and FXR in enterocytes, which line the mucosa of gut lumen. A dominant effect of intestinal FXR activation by bile acids is secretion of fi broblast growth factor (FGF) 19, a novel enterokine that functions as a central enterohepatic signal to maintain bile acid homeostasis in the liver. Activation of TGR5 on enteroendocrine cells stimulates secretion of glucagon-like peptides (GLP)-1 and -2, which function, respectively, as the major incretin hormone involved in glucose homeostasis and key trophic hormone in intestinal adaptation and growth in response to food ingestion. The biological actions induced by bile acid activation of intestinal FXR and TGR5 have important therapeutic implications for the pathogenesis and treatment of several metabolic diseases, such as cholestasis and diabetes. This review highlights these new developments in the biology of intestinal bile acid sensing and metabolic function and discusses the potential implications for the health and agricultural production of domestic swine.
INTRODUCTION
Nutrient sensing in the gastrointestinal (GI) tract is accomplished by specialized, differentiated epithelial cells that sense the presence of nutrients in the stomach and intestinal lumen after they are ingested and processed after a meal. The process of nutrient sensing also is referred to as "tasting" because it actually refers to the chemosensation of ingested nutrients by the host that begins in the oral cavity by gustatory taste cells in mammals. In fact, some of the same molecular mechanisms that mediate taste sensory function in the oral cavity also function in the small intestine. The specialized intestinal cells, called enteroendocrine (EE) cells, are one of four different epithelial cell lineages derived from stem cells that reside in the inner layer of the mucosal lining referred to as the crypt (May and Kaestner, 2010; Potthoff et al., 2013) . The EE cells represent less than 1% of the total epithelial cell population in the mucosal lining of the intestine yet collectively represent the largest endocrine "organ" or system in the body. The cells are specialized in structure as well as function, in that they possess an open-type morphology with an apical brush border surface that extends into the gut lumen and comes in contact with nutrients ( Fig. 1) . The basolateral side of these cells faces the plasma membrane into which gut peptide hormones are released from intracellular secretory granules into the bloodstream when cells are activated.
The EE cells function as key nutrient sensors within the mucosal wall that recognize sugars, fatty acids, and amino acids and peptides in the gut lumen. Therefore, the EE cells have a central role to coordinate the recognition of luminal nutrients with secretion of hormones and neurotransmitters that, in turn, regulate gut physiological functions, such as motility, fl uid secretion, and blood fl ow. There are more than 20 different EE cells types that differ in their gut location and type of hormones secreted (Raybould, 2010) . The EE cells differ from most other epithelial cells, such as parietal cells or enterocytes that are programmed to produce acid and digestive enzymes to digest food components into their simplest, constituent units, namely sugars, fatty acids, and amino acids, and transport them into the bloodstream. An important physiological element of the intestinal nutrient sensing process is activation of afferent nerve terminals that are part of the intrinsic and extrinsic neural circuits. These nerve terminals located in the mucosal wall express receptors for a variety of gut hormones [e.g., cholecystokinin, glucagon-like peptide (GLP)-1, peptide YY] and neurotransmitters [i.e., 5-hydroxytryptamine (5-HT)] forming a paracrine link between EE cells and physiological functions, such as blood fl ow and secretion.
A specifi c example of nutrient sensing in intestinal EE cells is the response to luminal glucose. Glucose absorption from the intestine occurs via the sodiumglucose co-transporter 1 (SGLT1) expressed mainly on absorptive enterocytes. In vivo animal studies show that the SGLT1 transporter is upregulated by the presence of glucose as well as nonmetabolizable glucose analogs in the intestinal lumen (Dyer et al., 2007; Raybould, 2010) . The mechanism by which glucose increases the expression of SGLT1 in enterocytes is thought to involve EE cells because they also express the same taste receptors (T1R2+T1R3) that are present in taste buds. Glucose also activates the EE cell release of incretin hormones involved in insulin secretion and peripheral glucose uptake, namely glucose-dependent insulinotropic peptide (GIP), GLP-1, and GLP-2. The current theory is that glucose-dependent activation of T1R in EE cells triggers the release of hormones that eventually lead to increased SGLT1 expression and glucose uptake. Luminal glucose also can activate EE cell release of 5-HT or serotonin, which regulates gastric emptying and pancreatic exocrine and intestinal fl uid secretion by interaction with vagal afferent neural circuits (Raybould et al., 2006; Raybould, 2010) .
GLUCAGON-LIKE PEPTIDE SECRETION

Proglucagon: One Gene Many Peptides
This review focuses on GLP-1 and GLP-2, both of which are members of a family of GLP that are derived from one proglucagon gene. There are more in-depth reviews describing the biology of GLP and other peptide products of the proglucagon gene (Burrin et al., 2003; Drucker, 2005; Estall and Drucker, 2006; Rowland and Brubaker, 2011) . The proglucagon gene is expressed as a 2-kb transcript containing 6 exons and 5 introns. There are 3 primary sites of proglucagon gene expression, namely the α-cell of the pancreatic islets, the enteroendocrine "L" cells located in the distal ileum and colon, and in the nucleus tractus solitarius regions of the brain. A key feature of GLP secretion is the tissuespecifi c, posttranslational processing of the proglucagon precursor peptide, which is composed of 160 AA. The tissue-specifi c regulation of proglucagon processing and secretion is evident after a meal in that intestinal secretion of GLP-1 and GLP-2 is stimulated whereas pancreatic glucagon secretion is effectively suppressed. In the pancreatic α-cells, the proglucagon peptide is processed primarily to glucagon whereas in the intestinal L-cells and regions of the brain, the proglucagon peptide is processed primarily to GLP-1 and GLP-2. The constituent proglucagon-like peptide fragments within the precursor peptide are fl anked by basic amino acids that serve as cleavage sites for intracellular endopeptidases, termed prohormone convertases (PC). Thus, the differential secretion of end products (i.e., GLP-1, GLP-2, and glucagon) of this proglucagon-like peptide fragment is accomplished by the fact that the prohormone convertases are differentially expressed in selected cell populations of the brain and neuroendocrine system, and 2 of these enzymes, PC1/3 and PC2, are expressed in intestinal L-cells and pancreatic α-cells, respectively. The PC1/3 is responsible for cleavage of the C-terminal region of proglucagon forming GLP-1 and GLP-2 in L-cells whereas PC2 is responsible for N-terminal cleavage of proglucagon to form glucagon.
Glucagon-Like Peptide Secretion
Oral feeding or enteral nutrient ingestion is the primary stimulus for GLP-1 and GLP-2 secretion (Baggio and Drucker, 2007) . The critical role of enteral feeding for the stimulation of GLP secretion was fi rst shown in dogs (Unger et al., 1968) . These studies showed that intraduodenal glucose infusion more than doubled the circulating concentration of glucagon-like immunoreactivity whereas intravenous glucose infusion had no effect. This observation led to the concept of the incretin effect, which describes the gut-associated potentiation of insulin secretion due to humoral factors, termed incretins, after oral or enteral food ingestion. Subsequent reports in parenterally and enterally fed animals (Burrin et al., 2000a; van Goudoever et al., 2001; Stoll et al., 2012) and humans (Xiao et al., 1999) have confi rmed the importance of enteral nutrient stimulation for GLP-1 and GLP-2 secretion. Our studies in neonatal piglets indicate that an enteral intake of at least 40% of the total nutrient intake is required to maintain physiological plasma GLP-2 concentrations. Studies also indicate that liquid diets are more stimulatory than solid diets, yet there is no difference between bolus versus continuous feeding. In vivo studies in humans indicate that carbohydrate and fat are more potent secretagogues of GLP than protein. In pigs, GLP-1 secretion was increased more by fat than glucose. Studies with perfused ileal segments indicate that GLP-1 secretion is stimulated by sugars transported via the SGLT1 transporter, including glucose, galactose, and 3-O-methylglucose, but not by fructose, mannose, xylose, or 2-deoxyglucose. The results with 3-O-methylglucose indicate that sugar metabolism is not required to stimulate GLP-1 secretion. Studies in vivo and with cultured cells indicate that monounsaturated fatty acids are a more potent stimulus of GLP-1 secretion than saturated fatty acids. Although in vivo studies indicate that protein and AA are poor secretagogues, peptones have been shown to stimulate GLP-1 secretion from the perfused ileum in rodents. Other endogenous luminal factors have been shown to induce GLP-1 secretion, including bile acids, yet the molecular mechanisms were poorly understood until recently.
In addition to nutritional regulation, GLP secretion is also mediated by endocrine and neural control (Dube and Brubaker, 2004) . Studies in adult humans demonstrated a rapid increase in circulating GLP-1 and GLP-2 concentrations after a meal suggesting that humoral signals from the proximal bowel activate L-cell secretion before direct nutrient exposure in the distal intestine. This observation prompted a series of studies that demonstrated that rapid nutrient-mediated secretion of GLP-1 and likely GLP-2 involves both endocrine stimulation, via GIP released from enteroendocrine K-cells in the duodenum, and neural refl exes involving gastrin-releasing peptide. Both GLP-1 and GIP are often referred to collectively as incretin hormones because of the dual cooperation in augmenting insulin secretion.
BILE ACIDS AS SIGNALING MOLECULES
Bile Acid Physiology
The concept that bile acids function as signaling molecules is a relatively recent development because historically bile acids have been viewed mainly for their key physiological role in dietary fat absorption and cholesterol excretion (Hofmann and Hagey, 2008; Lefebvre et al., 2009) . Bile acids are amphipathic molecules synthesized from cholesterol in hepatocytes. Chenodeoxycholic acid (CDCA) and cholic acid are primary bile acids in many species, including humans and pigs. Intrahepatic bile acids undergo further conjugation with taurine and glycine to form negatively charged molecules that are fully ionized and highly soluble at pH of the small intestine during digestion. Once synthesized and conjugated in the hepatocyte, bile acids are transported into the biliary tract and represent the major constituent of bile. The intraluminal concentration of conjugated bile acids is high in biliary tract and small intestine because they are impermeable to the apical membrane and paracellular junctions of biliary tract cholangiocytes and intestinal enterocytes. Once secreted into the intestine, the central function of bile acids is the solubilization of dietary lipids and promotion of their digestion and absorption in the digestive tract.
An important aspect of bile acid metabolism is that most bile acids secreted into the intestine are reabsorbed in the distal small intestine or ileum and recirculate back to the liver via the portal venous blood by a process termed enterohepatic circulation. In adult humans, the bile acid pool is approximately 2 g and is recycled via the enterohepatic circulation 12 times/d. Approximately 95% of bile acids secreted into the gut are recycled per day whereas the remaining 5% are lost in feces and represent the main route of cholesterol excretion. During passage along the small intestine, conjugated bile acids undergo deconjugation and conversion to secondary bile acids by luminal gut bacteria. Bile acid deconjugation begins in the distal small intestine so that the terminal ileum is presented with a mixture of conjugated and unconjugated bile acids. Conjugated bile acids are poorly absorbed in the proximal small intestine but effi ciently taken up by the apical sodium-dependent bile acid transporter in the ileum. Once taken up by the ileal enterocyte, bile acids bind to the cytosolic ileal lipid binding protein and exported across the basolateral membrane into the portal circulation by the organic solute transporter (OST), OSTα-OSTβ (Dawson et al., 2010) .
Bile Acid Receptors and Signaling Pathways: Farnesoid X Receptor and TGR5
In 1999, the idea that bile acids could function as signaling molecules was established with the discovery that bile acids were natural ligands of the nuclear receptor, farnesoid X receptor (FXR; Parks et al., 1999; Wang et al., 1999) . The FXR is a member of the nuclear receptor superfamily and is highly expressed in liver, intestine, kidney, and adrenal glands. The most potent natural FXR ligand is CDCA (concentration of a drug that gives half-maximal response, EC 50 at 10 μM), but other bile acids (i.e., cholic, lithocholic, and deoxycholic) also activate FXR. Numerous reports during the past decade show that FXR is the primary sensor of bile acids and are involved in every aspect of bile acid metabolism, including bile acid synthesis, transport, detoxifi cation, and excretion in the liver and intestine. Bile acid synthesis is tightly regulated because disruption results in metabolic disorder of the liver and biliary tract, such as cholestasis and fi brosis. Therefore, regulation of bile acid synthesis by direct FXR activation is a central control mechanism and occurs by bile acid synthesized within the hepatocyte or by bile acids taken up from portal blood as part of the enterohepatic circulation. Activation of FXR potently inhibits the expression of cholesterol 7α-hydroxylase (CYP7A1), a rate-limiting enzyme in bile acid synthesis, and maintains hepatocyte bile acid homeostasis by regulating the expression of genes involved in synthesis (i.e., CYP7A1), uptake (i.e., Na + -taurocholate co-transporter polypeptide and organic anion-transporting peptide 2/8), and export of bile acid (i.e., bile salt export pump and multidrug resistance protein 2).
A second FXR signaling pathway that functions as negative feedback mechanism to suppress hepatic bile acid synthesis involves fi broblast growth factor (FGF) 19. Studies in mice showed that FXR stimulates the transcription of intestinal FGF15 and its human ortholog FGF19 (Kim et al., 2007; Potthoff et al., 2013) . Before discovery of FXR, it was known that intestinal administration of bile acids suppresses hepatic CYP7A1, implicating a secreted intestinal factor that acts to suppress bile acid synthesis. The fi rst evidence that FGF19 was the secreted factor came from studies showing that FGF19 repressed CYP7A1 expression in both isolated hepatocytes and mice. However, it was not until the studies by Kim et al. (2007) showed that tissue-specifi c FXR knockout in either the liver (FxrL) or intestine (FxrIE) increases the bile acid pool size. However, treatment with GW4064 (a FXR-selective agonist) signifi cantly repressed CYP7A1 in FxrL mice but not in FxrIE mice. This indicated that CYP7A1 repression is mediated primarily by FXR activation in the intestine and not in the liver. More recent evidence confi rms this showing that selective activation of intestinal FGF15 in mice protects against hepatic cholestasis (Modica et al., 2012) . The induction of intestinal FGF19 secretion via FXR is thought to occur primarily in epithelial cells in the distal region of the ileum because this is where the bile acid transporters are most highly expressed (Dawson et al., 2010; see Fig. 2 ). The tissue-specifi c localization and molecular regulation of the FXR-FGF19 axis in intestinal epithelial cells is poorly understood and warrants further detailed studies. The receptor for FGF19 is FGF receptor 4 (FGFR4), which is abundant in the liver, and mice lacking FGFR4 have an increased bile acid pool. Activation of FGF19 signaling in cells via FGFR4 also requires the coreceptor β-Klotho and tissue-specifi c expression of this co-receptor is an important determinant of FGF19 responsiveness (Potthoff et al., 2012) . The signifi cance of FGF19 in human bile metabolism has been shown in subjects treated with cholestyramine and the FXR ligand CDCA. Treatment with cholestyramine led to an increase in serum 7α-hydroxycholest-4-en-3-one (C4; i.e., a marker for CYP7A1 activity) and a reduction in FGF19 levels whereas CDCA treatment increased plasma FGF19 and decreased serum C4 (Lundasen et al., 2006) . Our recent study demonstrated the importance of luminal bile acid stimulation for maintenance of circulating FGF19 secretion in total parenterally fed (TPN) neonatal piglets (Jain et al., 2012) . We showed that TPN markedly decreased concentrations of circulating FGF19 whereas duodenal infusion of CDCA signifi cantly induced FGF19. We also found that liver pathologies associated with TPN were markedly improved with CDCA infusion. The fi nding that TPN results in reduced FGF19 secretion is novel and may provide a mechanism to explain the cholestasis and steatosis observed with parenteral nutrition-associated liver disease. Because FGF19 production in the small intestine causes suppression of CYP7A1 in hepatocytes, diminished FGF19 concentrations in TPN could increase CYP7A1 expression in the liver, resulting in persistent activation of bile acid synthesis and cholestasis. These studies showed that FGF19 is a novel enterokine that is induced via intestinal FXR bile acid activation and functions as an enterohepatic signal in the feedback suppression of bile acid synthesis.
The second major bile acid receptor characterized in recent years is the G protein coupled membrane receptor (GPCR), TGR5, also known as G protein-coupled bile acid receptor 1 (GPBAR 1), or GPR131 (Kawamata et al., 2003; Thomas et al., 2008) . The TGR5 receptor is a cell-surface bile acid receptor is a member of the rhodopsin-like subfamily of GPCR (class A). Originally considered an orphan GPCR, TGR5 was recently reclassifi ed as the founder of the bile-acid receptor subclass of GPCRs41. Human TGR5 is activated by multiple bile acids, with lithocholic acid being the most potent natural agonist (EC 50 of 0.53 μM), yet other conjugated and unconjugated bile acids activate TGR5 including deoxycholic acid, CDCA, and cholic acid. The TGR5 receptor mRNA is ubiquitously transcribed with the greatest transcription in the gall bladder and less transcription in brown adipose tissue, liver, and intestine. The broad tissue expression profi le and the fact that it is highly conserved among mammals indicates that TGR5 has an important role in physiology and metabolism. The relatively high expression of TGR5 within the biliary tract, gallbladder, and gastrointestinal tissues signals its importance in bile acid signaling and gut function. Additional evidence shows that TGR5 has an important role in gallbladder fi lling and contraction (Li et al., 2011) . It was recently demonstrated that TGR5 is localized in primary enteroendocrine cells within the intestinal epithelium and highly expressed in enteroendocrine cell lines. Moreover, these studies showed that bile acids activate cyclic adenosine monophosphate (cAMP)and calcium signaling and trigger secretion of GLP-1 in these enteroendocrine cells (Parker et al., 2012; Reimann et al., 2008; see Fig. 2 ). These observations were of interest given that previous studies showed that bile acids were capable of stimulating GLP-1 secretion from isolated perfused ileum. The importance of the TGR5 receptor as the molecular mechanism to explain bile acid-induced GLP-1 secretion was shown in a series of in vivo and cell culture studies by Thomas et al. (2009) using mice with targeted disruption and overexpression of the TGR5 gene. These studies also demonstrated the important metabolic effect of bile acids on glucose intolerance and metabolic dysfunction in mice fed high-fat diets.
The importance of bile acids as signaling molecules via these 2 classes of receptors has led to the pharmacological development and screening of bile acid analogs (i.e., "designer bile acids") designed to increase potency and selectivity for the specifi c receptors. Several of these bile acid analogs have been developed and tested in preclinical models and are now in clinical trials for treatment of various metabolic and liver diseases Fiorucci et al., 2009; Baghdasaryan et al., 2011 ). An analog has been developed that selectively targets FXR, called obeticholic acid (6-ethyl chenodeoxycholic acid; INT-747), that has been shown to protect against cholestatic liver injury and fi brosis, experimental colitis, and augment innate immunity in mice (Fiorucci et al., , 2005 Mencarelli et al., 2009; Cipriani et al., 2011) . Another analog selectively targets TGR5 [6a-ethyl-23(S)-methyl-cholic acid; INT-777] and was used to show the importance of bile acid-induced GLP-1 secretion in protection against high-fat diet induced metabolic dysfunction Genet et al., 2010 ). An additional analog targets both FXR and TGR5 receptors (semisynthetic 23-sulfate derivative of INT-747; INT-767) and has been shown to protect against chronic cholangiopathy in mice (Rizzo et al., 2010; Baghdasaryan et al., 2011) . A few of these analogs are in clinical trials for treatment of primary biliary cirrhosis, diabetes with nonalcoholic fatty liver disease, and bile acid malabsorption diarrhea (see http://www.clinicaltrials.gov/).
METABOLIC ACTIONS OF BILE ACIDS
The bile-acid stimulated secretion of FGF19 and GLP-1 by different epithelial cells in the intestine generates an endocrine signal that has a variety of metabolic actions in the body (Fig. 3) . As discussed previously, the dominant effect of intestinal FGF19 secretion is to modulate hepatic bile acid homeostasis, but the function of FGF19 goes well beyond bile acid homeostasis. Fibroblast growth factor 19 exerts important regulatory effects on glucose, protein, and lipid metabolism (Kuro-O, 2008; Thomas et al., 2008; Potthoff et al., 2012) . Overexpression or infusion of FGF19 in mice reduced adiposity and serum triglycerides and increased metabolic rate and glycemic control (Tomlinson et al., 2002; Fu et al., 2004) . Likewise, FGFR4 knockout mice exhibit glucose intolerance, dyslipidemia, and increased adiposity, but these phenotypes appear to be determined by hepatic FGFR4 expression (Huang et al., 2007) .
More recent studies in mice have led to the concept that FGF19 functions as a parallel yet independent endocrine hormone along with insulin to control hepatic glucose and protein metabolism in response to feeding . These studies showed that FGF19 induced hepatic glycogen and protein synthesis while suppressing gluconeogenesis. Importantly, these metabolic effects appear to be mediated via intracellular signaling pathways that are separate from those controlled by insulin. The effect of FGF19 on hepatic lipid metabolism is poorly understood but likely increases fatty acid oxidation and suppresses triglyceride synthesis; both outcomes could reduce hepatic steatosis.
The bile acid induction of intestinal endocrine cell GLP section also has multiple metabolic actions. Most of the attention, however, has focused on bile acid-induced GLP-1 secretion because this has major implications for treatment of diabetes and obesity. Glucagon-like peptide 1 functions as the dominant incretin hormone after a meal to stimulate insulin secretion, increase blood glucose clearance and insulin sensitivity, reduce glucagon secretion and hepatic gluconeogenesis, and reduce gastric emptying and appetite (Drucker, 2006; Barrera et al., 2011) . The molecular mechanism that mediates most of the metabolic effects is mediated by the GLP-1 receptor localized in cells within these tissues (i.e., liver, pancreas, and gut mucosa) but also in nerves that may function in neural refl exes between the gut and brain. The ability to augment GLP-1 secretion and biological function has become a central drug target of the pharmaceutical industry for treatment and glycemic control of type 2 diabetic patients. The therapeutic use of GLP-1 has spawned a new class of drugs termed "incretin mimetics" that are designed to increase both GLP-1 and GIP secretion and activity (e.g., exenatide and liraglutide; Lovshin and Drucker, 2009) . Moreover, because the biological activity of these gut hormones is controlled by the activity of dipeptidyl peptidase-4 (DPP-4), a separate class of drugs has evolved to inhibit this proteolytic enzyme, DPP-4 inhibitors (e.g., sitagliptin, saxagliptin).
Given the potential impact of augmented incretin function on treatment of diabetes and obesity, the report by Thomas et al. (2009) was signifi cant because it demonstrated the proof-of-concept that bile acids could function as an orally active modality to increase GLP-1 secretion and protect against metabolic dysfunction and glucose intolerance. The link between intestinal bile acid sensing and GLP-1 secretion has also revealed a previously unrecognized metabolic effect resulting from modulating intestinal bile acid physiology. Bile acid sequestrants were developed to limit bile acid-mediated lipid and cholesterol absorption in the gut; these include agents such as cholestyramine and colesevelam (Beysen et al., 2012; Holst and McGill, 2012) . Studies in animals and human diabetic patients show that bile acid sequestrants alone and in combination with DDP-4 inhibitors improve glycemia and insulin sensitivity, augment pancreatic β-cell mass, and increase GLP-1 secretion (Shang et al., 2010 (Shang et al., , 2012 Beysen et al., 2012) . The emerging evidence that bile acid sequestrant treatment improved glycemia appears to be mediated by bile acid induction of TGR5, especially in the colon, and increased GLP-1 secretion (Potthoff et al., 2013) .
The connection between bile acid physiology and GLP-1 secretion is also being explored with respect to the metabolic effects observed after bariatric surgery in obese patients. The improvement in glycemia and insulin sensitivity and suppression of appetite after bariatric surgery in obese humans or in rodents after Roux-en-Y gastric bypass (RYGB) or sleeve gastrectomy has been linked to increased secretion of incretin hormones, namely, GLP-1 (Kindel et al., 2009; Rubino et al., 2010; Chambers et al., 2011; Gaitonde et al., 2012; Mingrone et al., 2012; Potthoff et al., 2013) . These observations are consistent with the idea that bypassing the proximal GI tract resulting in increased distal intestine delivery and exposure to bile acids produces a greater stimulation of TGR5 receptor and GLP-1 secretion. It remains unclear whether the metabolic effects of bariatric surgery also involve activation of the intestinal FXR-FGF19 axis, but recent evidence would support this mechanism because serum FGF19 concentrations are increased soon after RYGB surgery in obese patients and central FGF19 suppresses food intake in rats (Pournaras et al., 2012; Ryan et al., 2013) .
LOCAL GASTROINTESTINAL EFFECTS OF BILE ACID-INDUCED SIGNALS
Much of the preceding discussion has focused on the actions of bile acid-induced endocrine effects of FGF19 and GLP-1 on metabolism in the liver and peripheral tissues beyond the gastrointestinal tract. However, there are a variety of physiological actions triggered by bile acids in the gut lumen that may involve not only FGF19 or GLP-1 but also other gut hormones secreted by enteroendocrine cells, including GLP-2 and peptide YY. This is especially true for GLP-2 because it is cosecreted with GLP-1. There is a longstanding literature describing the effects of biliary tract diversion and bile acids on intestinal adaptation and cell proliferation that was performed before the discovery of FXR and TGR5 and their role in the gut (Al-Mukhtar et al., 1983; Rainey et al., 1983 Rainey et al., , 1986 Savage et al., 1988) . The induction of GLP-2 secretion is a likely factor involved in the trophic actions of luminal bile acids. Recent studies have observed increased plasma GLP-2 concentrations associated with intestinal growth after RYGB surgery in rodent and enteral bile acid infusion in parenterally fed pigs (le Roux et al., 2010; Jain et al., 2012) . Consistent with this is the observation that disruption of intestinal bile acid transporter (OSTα) leads to augmented intestinal length, weight, and villus morphology and is not lost in mice with dual knockout of OSTα and FXR (Lan et al., 2012) . These observations indicate that loss of enterohepatic circulation and fecal accumulation of bile acids may trigger trophic actions in the small intestine that could be explained by increased GLP-2 secretion. Whether the trophic effects of bile acids are explained by TGR5-mediated GLP-2 secretion warrants further study. Furthermore, it remains to be seen if bile acids can be used therapeutically to augments the desirable actions associated with GLP-2, GLP-1 and peptide YY related to gastrointestinal motility, fl uid absorption, and intestinal function.
SUMMARY AND CONCLUSIONS
The fi eld of digestive physiology has expanded rapidly in recent years as the molecular basis of nutrient sensing has come of age. The discovery of new cellular receptor sensing mechanisms for specifi c nutrients and secreted factors in the gut has become an active area of research. This review has highlighted the physiology and molecular mechanisms of the FXR and TGR5 bile sensing pathways. The characterization and development of the intestinal FXR-FGF19 signaling pathway has revealed a novel enterokine (i.e., FGF19) that functions in enterohepatic regulation of bile acid homeostasis and the control of hepatic glucose and lipid metabolism. The fi nding that TGR5 is a molecular link between luminal bile acid sensing in enteroendocrine cells to incretin hormone secretion (i.e., GLP-1) puts bile acids on the growing list of nutrients and other naturally occurring compounds that trigger gut hormone secretion.
Most of the information that has emerged about the biology of these signaling pathways has been derived from studies in rodents and humans. Yet, the biological function of these pathways has potential implications for health and growth of domestic pigs. Our research has used pigs as a model for human infant nutrition and gastroenterology to show the importance of GLP-1 and GLP-2 as enteral nutrient-mediated gut signals involved in TPN-related intestinal atrophy and metabolic dysfunction (Burrin et al., 2000a (Burrin et al., ,b, 2003 Stoll et al., 2010 Stoll et al., , 2012 . Despite this and additional reports describing the function of these hormones in pigs, the further investigation and application for domestic pig production has yet to be realized. There would appear to be many potential applications of these concepts in the management and nutrition of young neonatal and weanling pigs. This is because the period of birth through weaning in pigs is marked by profound changes in the composition and nutritional quality of the diet as well as maturation and development of the GI physiology. The extent to which the young pig can adapt physiologically to these changes determines its survival, health, and subsequent growth rate. The development of strategies to enhance GLP-2 secretion and bioactivity during the weaning phase of production offers several advantages to augment intestinal growth and digestive capacity and limit the fl uid secretory and accelerated intestinal motility associated with diarrhea. The parenteral delivery of the GLP-2 peptide to piglets with sustained bioactivity presents a logistical challenge in the setting of commercial swine production. Therefore, attempts to identify the most potent orally active agents, such as specifi c nutrients, bile acids, or DPP-4 inhibitors, offers an attractive option. Recent studies by I. Ipharraguerre and others (Lucta S. A., unpublished data) show preliminary evidence that oral delivery of bile acids by gavage or diet can boost GLP-2 secretion in weanling pigs fed standard cereal-based diet. In these studies, bile acid-increased GLP-2 secretion was not associated with improved intestinal growth or function, yet they provide important proof of concept that a natural TGR5 agonist can modulate GLP-2 secretion in weanling pigs. These recent studies should serve to stimulate further research as to whether the ability to therapeutically manipulate intestinal nutrient sensing is commercially viable in pig production.
